Abstract Clay-related subsidence is Great Britain's (GB) most damaging soil-related geohazard, costing the economy up to £500 million per annum. Soil-related geohazard models based on mineralogy and potential soil moisture deficit (PSMD) derived from historic weather data have been used in risk management since the 1990s. United Kingdom Climate Projections (UKCP09) suggest that regions of GB will experience hotter, drier summers and warmer, wetter winters through to 2050. As a result, PSMD fluctuations are expected to increase, exacerbating the shrinkage and swelling of clay soils. A forward-looking approach is now required to mitigate the impacts of future climate on GB's built environment. We present a framework for incorporating probabilistic projections of PSMD, derived from a version of the UKCP09 stochastic weather generator, into a clay subsidence model. This provides a novel, national-scale thematic model of the likelihood of clay-related subsidence, related to the top 1-1.5 m soil layer, for three time periods; baseline (1961-1990), 2030 (2020-2049) and 2050 (2040-2069). Results indicate that much of GB, with the exception of upland areas, will witness significantly higher PSMDs through to the 2050s. As a result, some areas with swelling clay soils will be subject to proportionately increased subsidence hazard. South-east England will likely incur the highest hazard exposure to clay-related subsidence through to 2050. Potential impacts include increased incidence of property foundation subsidence, alongside deterioration and increased failure rates of GB's infrastructure networks. Future clay-subsidence hazard scenarios are beneficial to many sectors, including: finance, central and local government, residential property markets, utilities and infrastructure operators.
Introduction
developers, etc.) with both experience and expertise in the adaptation and mitigation of such geohazards (Brook and Marker 2008) .
Great Britain clay subsidence models have traditionally been based upon historical, empirical climate data. A number of studies argue qualitatively that UKCP09 projections suggest an increase in clay-related subsidence hazard for specific areas of GB (e.g., Forster and Culshaw 2004; Sanders and Phillipson 2003; Rawlins et al. 2013) . UKCP09 is accompanied by a weather generator (WG) providing downscaled, 5 km 2 gridded climate projections, encompassing a range of climate variables. The WG is based upon a stochastic process, calibrated to the present day climate, providing statistically plausible realisations of daily climate (Borgomeo et al. 2014) . The adoption of the WG and UKCP09 climate projections in climate change risk assessments and applications is well-established in other disciplines; for example, concerning the implications for water resources planning (Christierson et al. 2012; Borgomeo et al. 2014) , agricultural risk planning (Knox et al. 2010) , geomorphological modelling (Coulthard et al. 2012) and building overheating studies . Nonetheless, few studies incorporate probabilistic projections of climate into soil geohazard models, and none have attempted a national-scale assessment to date. Blenkinsop et al. (2010) fused UKCP09 climate projections with soils data to estimate clay-subsidence hazard for south-east London based upon modelled annual mean PSMD. Similarly, Harrison et al. (2012) applied the earlier UKCIP02 projections to model shrink-swell in bedrock and superficial geology for the south-east of England. For the latter, UKCIP02 projections were chosen over UKCP09 due to resolution and formatting issues at the time of the study. Clarke and Smethurst (2010) used UKCIP02 projections to assess the impact of climate change on infrastructure embankment stability. However, the examples presented by Harrison et al. (2012) and Clarke and Smethurst (2010) are at relatively low resolution (25 km 2 grid cells), being deemed unsuitable for understanding local and regional climatic changes.
Our aim was to develop medium-high resolution (5 km 2 ) UKCP09-derived projections of PSMD for GB over three time periods: baseline (1961-1990), 2030 (2020-2049) and 2050 (2040-2069) . The approach incorporated these PSMD data within a clay subsidence model for GB only, soil data for Northern Ireland being unavailable for this study. Projections of the spatial and temporal likelihood of clay-related subsidence for all three time periods are presented. Section 2 explores the materials and methodological approach used to process and incorporate UKCP09 climatic projections into an existing soil-related geohazard model. Section 3 presents the results of the climatic modelling for the three scenarios, describing the future soil moisture fluxes (PSMD) and the changing clay-related subsidence geohazard susceptibility for GB. Finally, Section 4 discusses the findings and implications of this research, offering conclusions and suggestions for future study.
Materials and methods
The methodology presented demonstrates how probabilistic climate information can be applied to long-term assessment of clay-related geohazard potential. A modified version of the UKCP09 stochastic WG was used to derive projections of daily rainfall and PET. These values were processed, providing probabilistic PSMD values for the three time periods; the methodology is summarised in Fig. 1 . PSMD scenarios, incorporating climatic uncertainty, were subsequently intersected spatially with soil data and reclassified using an existing geohazard model to ascertain clay-subsidence hazard (Fig. 1 ). This paper's methodology focuses principally upon modelling the hazard (extent, severity and probability) that clay-related subsidence presents. However, in order to present a risk, the built environment needs to be both exposed to the physical geohazard (i.e., clay-related subsidence), as well as being vulnerable to damage (i.e., shallow foundation). This is best represented by the following function, after (Crichton 2001) :
The methodological approach is discussed in detail for the remainder of Section 2 below.
Natural perils directory
Since the early 1990s, a range of spatial soil-related geohazard models have been developed for GB (e.g., Hallett et al. 1994) . The Natural Perils Directory™ (NPD) is a geohazard thematic dataset, constructed through reinterpretation of soil-survey mapping, that provides detailed information on a series of soil-related hazards for GB. Presently, NPD combines historic (1961-75) PSMD and soil shrinkage susceptibility (SSWELL) data to interpret claysubsidence hazard. Soils are allocated six volumetric shrink/swell (SSWELL) classes, based upon laboratory data by Reeve et al. (1980) , ranging from 'Very Low' (0) (<3 % volumetric shrinkage) to 'Very High' (6) (>15 % volumetric shrinkage) (Fig. 2) . A 'High*' SSWELL class represents soils with alluvial clay or peat at 1 m depth, but which are only prone to shrinkage when effectively drained to at least 2 m depth. To date, climatic extremes within NPD were modelled through the addition of standard deviations around the mean PSMD available to the model. Weaknesses of this approach include both the currency of the now historical time series of the data, and the fact that no effective probabilistic element is employed in the modelling allowing for the management of potential future uncertainty.
For a detailed summary of NPD and associated data, readers are referred to the supplementary material.
UKCP09 weather generator
The standard UKCP09 WG provides simulations of weather sequences on a site-by-site (i.e., 5 km cell) basis, and so lacks spatial consistency in time over neighbouring grid cells ). Due to specific soil properties extending beyond the 5 km resolution we adopted a modified version of the UKCP09 stochastic weather generator (WG) (Burton et al. 2013) . The WG used builds upon the earlier EARWIG WG (Kilsby et al. 2007 ) to compile spatially-coherent daily climate values over a 30 year stationary sequence at a 5 km 2 resolution for GB. The 30 year sequences included the 'baseline', '2030' and '2050' time periods. Future projections were drawn from the medium emissions scenario, equivalent to the IPCC's (Intergovernmental Panel on Climate Change) SRES A1B scenario (IPCC 2000) . As with UKCP09, scenarios did not apply urban land-use corrections.
UKCP09 baseline data were produced to reveal the extent to which the WG is able to match baseline climate calculations with known empirical data (Eames et al. 2012) . Figure 3 presents annual average totals of precipitation and potential evapotranspiration for the UKCP09 WGderived baseline ( Fig. 3a ) and 2050 scenarios ( Fig. 3b ) which are compared with observed baseline data for GB. In baseline comparisons (Fig. 3a) , both observed and UKCP09 WGderived data show the same spread. However, for the 2050s, Fig. 3b suggests higher average annual potential evapotranspiration and reduced rainfall. The 30 year WG baseline series was run 100 times based on a different randomly sampled vector of change factors, providing the probabilistic analysis. The future scenarios of 2030 and 2050 represent a higher factor of uncertainty compared with the baseline. Therefore, these scenarios were run 1000 times, based on a differently randomly sampled vector of the 10,000 UKCP09 change factors available to provide the probabilistic analysis.
Unlike its predecessors (UKCIP98 and UKCIP02), UKCP09 does not provide projections of soil moisture. However, the WG does provide daily outputs of rainfall and potential evapotranspiration (PET), fundamental for calculating PSMD (Eq. 1). The following section discusses how projections of PSMD were derived from raw WG data. We then discuss how projected PSMD data were processed and incorporated within the clay-related subsidence geohazard model. The WG was also run to obtain low, medium and high emissions scenario PSMD projections for the administrative county of Worcestershire, results being provided in Figure S1 of the Supplementary Material.
Computation of soil moisture deficit
The WG produced substantial output data (≈50 Terabytes for GB). Custom software tools were required to process the raw WG files to produce the necessary summary data products required for geohazard modelling. A series of programs were prepared using the Perl scripting language to automate calculation of PSMD values (Fig. 1) .
Soil moisture accumulation and loss oscillate over the course of a year. Therefore, a temporal resolution of monthly and annual PSMD were deemed more appropriate than the raw daily data format. Future scenarios represented 1000 daily realisations of climatic parameters which, over a 30 year time series, provided 30,000 realisations of daily climate. PSMD was calculated using the following equation (after Jones and Thomasson 1985) :
During computation, PSMD was set to 0 each January 1st and subsequently each day's PSMD (Eq. 2) (if not a surplus) was added to the previous days' PSMD to give an accumulated value. If a surplus of water existed (i.e., PSMD>0) then it was subtracted from the previous days accumulated PSMD. For consistency with UKCP09 outputs, the mean, and the 10th, 50th and 90th percentiles were calculated, over the WG change factors, for the monthly and annual soil moisture data to represent data uncertainty; the 90th percentile being taken as 'unlikely to be more than', the 10th percentile being 'unlikely to be less than', and the 50th percentile representing the 'central estimate/tendency'. Adopting standardised approaches Fig. 3 Variability of GB annual average precipitation and PET (potential evapotranspiration) for the observed historical ) data compared to a UKCP09 baseline and b UKCP09 2050 projections. Observed data is derived from 5 km gridded datasets made available from the Met Office (Perry and Hollis 2005) in the representation of UKCP09 uncertainty allows users, who are likely to be familiar with the UK climate projections, to incorporate these modelled data within climate adaptation schemes.
Integration of climatic and geohazard models
The aim of this study was to supplant historical PSMD data in NPD with projections computed from WG data. To achieve this, we spatially referenced the WG-derived PSMD data to the 5 km WG grid cells (see http://ukclimateprojections-ui.metoffice.gov.uk/ui/docs/grids/wg_ 5km/index.php), intersecting this with the SSWELL data. Clay subsidence hazard was then calculated from the maximum accumulated PSMD and SSWELL using a Python script running within ArcGIS (v. 10.2). Clay subsidence hazard potential in NPD is portrayed with nine classes, ranging from extremely low to extremely high. This process was undertaken for each climatic scenario and for the 10, 50 and 90th percentile annual accumulated PSMD.
Results

Potential soil moisture deficit
Results indicate that PSMD is likely to increase significantly from the baseline through to 2050. The south-east of England is set to undergo the biggest changes, with annual PSMDs based upon the central estimate (50th percentile), set to increase by up to 100 mm by 2030, and 160 mm by 2050 (Fig. 4) . By contrast, upland UK areas (i.e., Wales, Dartmoor, Exmoor, Lake District and Pennine regions) are unlikely to be affected by these projected climate change scenarios. In these upland areas, PSMD change is unlikely to exceed 20-40 mm through to 2050. However, during extreme events (i.e., 90th percentile PSMD), higher PSMDs may result (Fig. 4) .
It is apparent from Fig. 4 that what may be regarded at the current time as an extreme event (i.e., baseline 90th percentile) is likely to represent PSMD values of a central estimate (50th percentile) by 2030. Moreover, modelled baseline central estimate PSMD values are likely to represent the lower 10th percentile (not likely to be less than) by 2030 and 2050 respectively. Both the 2030 and 2050 scenarios at the 50th and 90th percentiles also indicate that PSMDs are likely to persist through the winter months, carrying deficit across into the following year. However, the data produced by the WG is representative of an independent model year, based upon specific change factors. Therefore, the analysis cannot take into account consecutive years, PSMD being reset to zero each January. It is therefore possible that the models are under-predicting future PSMD and consequent impacts.
Weather generator limitations
Climate models possess a degree of uncertainty, and the downscaling of global circulation models to regional and local-scale models can result in further layers of uncertainty (Coulthard et al. 2012) . The usability of climatic projections has been questioned by numerous articles, remaining a key issue in model applications. Dessai and Hulme (2008) argue that prior to UKCP09, UK climate projection models fell broadly within the range of observed climate with the biggest ambiguity occurring for summer rainfall. Ekström et al. (2007) argue that the determination of PET is an imperfect science, resulting from a limited knowledge regarding atmosphere-soil feedbacks. Furthermore, PET can be affected by a number of soil properties including, porosity and soil depth. Seneviratne et al. (2010) conducted an extensive review of this, regarding the ability to model accurately soilclimate feedback as being limited by empirical, observed ground data. This is likely to become increasingly apparent as weather station numbers decline (Prior and Perry 2014; Perry and Hollis 2005) . Ultimately, improved knowledge in this subject area will reduce inherent uncertainty in climate modelling.
The use of WG-derived outputs must be treated cautiously. Kay and Jones (2012) argue that comparison of WG outputs and empirically-derived baselines will likely not show close agreement as the WG is unable to capture natural climate variability. Moreover, Harding et al. (2014) argue that the interpolation of empirical weather data presents its own uncertainty and bias. We address uncertainty inherent in the WG by providing a range of probable scenarios for clay-subsidence hazard (Fig. 5 ). Figure 5 shows clay-related subsidence hazard modelled for the baseline, 2030, and 2050 timeperiods at the 10th, 50th and 90th percentiles. The south-east of England will become increasingly prone to clay-related subsidence through to 2050, resulting from high PSMDs coupled with extensive clay-rich soils with mineralogy prone to shrink-swell activity. The north-east of England is also likely to incur increased susceptibility. Conversely, Scotland and Wales are unlikely to see substantive increases in clay-related subsidence hazard. Although many soil types known to be prone to moisture-related shrinkage exist (Fig. 2) , PSMDs are not set to change significantly through to 2050. Exceptions to this are the areas around the Firth of Forth and the River Tay estuaries in Scotland where the hazard potential of the shrinkswell prone alluvial soils changes from a medium low to a high/very high class by 2050. Figure 6 details the land area of each subsidence hazard class for the baseline, 2030 and 2050 scenarios. By the 2050s, 12 % of the land area of GB will be at extremely high or very high hazard potential for clay related subsidence, comparable to the 7 % of land area for the baseline. The apparent diminishing of the high class is a consequence of higher PSMDs, causing redistribution of values to the very high and extremely high classes. Approximately 75 % of the land area in Great Britain is underlain by soils of low to extremely low likelihood of clay-related subsidence hazard for the baseline period (i.e., <5 % volumetric shrinkage potential) and is only set to decrease to 73 % by 2050 (Fig. 6) . The texture and mineralogy of these soils determine that they will not undergo volumetric change under differing moisture conditions as PSMD changes occur. Significant mineralogical change will not occur within the timeframe considered in this paper (i.e., up to 2069), therefore, these soils remain at low hazard of clay shrinkage.
Outlook for clay-related subsidence potential
Discussion and conclusions
We have developed a method for processing UKCP09 high-resolution climate projection data to produce probabilistic scenarios of PSMD based on the medium emission (SRES A1B) scenario. Resultant PSMD scenarios were incorporated within a soil-related geohazard model. The outcome has been the production of a novel, national-scale thematic dataset revealing spatial and temporal distribution, alongside inherent uncertainty, of potential clay-related subsidence across a range of future time-periods. This advancement in the spatio-temporal understanding of clay-related subsidence hazard potential will bring benefits to organisations and stakeholders with long term interests. Projections suggest that clay-related subsidence will become more common in GB. Particular concerns centre on southeast England, where modelled PSMD indicates a substantial increase through to 2050 (Fig. 4) compared to the baseline. This could indicate areas at a current medium hazard of clay-related subsidence potentially becoming exposed to very high and extremely high hazard by 2050 (Fig. 5) .
France's drought of 2003 resulted in a number of subsidence claims arising from a lack of preparedness and adaptation (Corti et al. 2011 ). The fact that GB's built environment suffers currently from degradation and/or failure as a result of clay subsidence indicates that as a society, GB is not wholly resilient to this hazard. The projections shown in this paper suggest that the built environment and critical infrastructure of England, Scotland and Wales are likely to become further exposed to clay-related subsidence at higher frequency and magnitude, through to 2050 and beyond. Damage is likely to affect, in particular, shallow-founded structures and buried infrastructure networks, particularly where mitigation practices are not in place and/or understood. Subsidence hazard could also affect the material consideration of house valuations (Wynn and Hardiment 2001 ). Crilly's (2001) analysis of a subsidence damage database argues that there 'are no reasons to be concerned over current minimum depth requirements' of building foundations. However, Hawkins (2013) argues that in drought years, evidence of shrinkage can reach depths >2.5 m below ground level which is beyond current minimum foundation depth recommendations of 0.9 m (NHBC 2008). In Rodda and Marsh's (2011) assessment of the 1975-76 drought, the future projections of PSMD in both 2030 and 2050 (Fig. 4) show similarities to previous events, that resulted in extensive damage. This is especially so where PSMD, even at the 10th percentile, is still present in the winter months (i.e., November and December) allowing it to be carried over into the following years (Fig. 4) . Similarly, an analysis of the UK drought in 2003, showed modelled values of PSMD are likely to be much higher than those of the 1962-2003 average depicted (Marsh 2004) . The assessments detailed in this paper may therefore provoke consideration as to whether to reassess construction practices in regard to helping facilitate significant changes towards riskmanagement-based approaches to clay-related subsidence.
Since the 1975-76 drought, extensive reforms in UK planning policy have led to better design practices, related to the construction of new domestic and commercial property foundations. This has helped mitigate the risk of clay-related subsidence on properties since this time. Planning Policy Guidance 14 (PPG14) is one example of this, advising local planning authorities to identify areas where the potential impact of subsidence on development could be realised (DTLR 2002) . Despite this, Wilson (2006) identified that only one of 14 local climate impact studies surveyed recognised subsidence as a threat to the built environment, perhaps due to its chronic rather than acute characteristic.
Planning policy for UK infrastructure development appears fragmented in addressing both climate change and geohazards. A series of National Policy Statements (NPS) are available (see: http://infrastructure.planninginspectorate.gov.uk/legislation-and-advice/national-policystatements), covering the energy, transport and water, waste water and waste infrastructure sectors. However, water supply in itself currently does not have an NPS, with no stated plans to implement one. For example, the wastewater NPS discusses the impact of leaks on soil quality, but not the impact that soil processes could have on fracture rates of this infrastructure as reported by Owen et al. (1992) . Conversely, gas and electricity NPSs provide more detail on potential soil effects to the respective infrastructure networks. GB infrastructure represents extremely complex networks that are aging, some assets reported as being >100 years in age, and which are constructed from a range of materials. Consequently, networks are susceptible to climate change and geohazards, further exacerbated by increasing public demand (Pritchard et al. 2014) . Moreover, the increasing interconnection and spatial proximity of networks can mean failure of a particular infrastructure asset leading to failure(s) in another (Rogers et al. 2012) . The high-resolution of these projections can enable stakeholders at the local, regional and national scale identify where clay-related subsidence may affect assets in future decades. The incorporation of climate change adaptation strategies and tools, relating to infrastructure asset management, is prudent for long-term asset risk management and ultimately reducing costs and disruptions caused by asset failures. Therefore, we recommend that the NPSs for infrastructure resilience be amended to more fully incorporate potential climate change and environmental vulnerabilities. Harding et al. (2014) argue that end-users of climate model data are predominantly interested in the magnitude of change that is likely to be experienced. The probabilistic projections of clay subsidence provided (Fig. 5) should therefore be used in their entirety (i.e., 10th, 50th and 90th percentiles) when forming part of resilience planning and/or climate risk assessments. Local factors such as significant vegetation can act to modify these projections. An understanding of all the factors at play will help ensure construction of a built environment with resilience to cope with the majority of extreme events, but which is ultimately dependent on individual risk appetites. A forward looking risk management approach to clay-related subsidence will require a range of subsidence scenarios to avoid potential surprises in future climates. As climate models evolve and improve, this methodology can integrate appropriate data for assessment of clay-related subsidence hazard. Mastrandrea et al. (2010) argue that decision makers are interested in information which clearly depicts climate change risks. The thematic results presented here, are aimed primarily at non soil-scientists and are presented in an easily understandable format, to encourage evidence-based decision making.
Due to time and data constraints we were not able to assess the entire range of emissions scenarios available in UKCP09. These will be considered in future work further to the regional example in Figures S1 and S2 in the Supplementary Material. We anticipate that the integration of real-time soil-moisture monitoring with remotely sensed data (e.g., SMOS and the recently launched SMAP) could provide users with predictive tools to consider where clay-related subsidence and subsequent failure(s) or degradation are likely to occur in real-time. This approach would prove beneficial for asset management and maintenance scheduling for vulnerable components of the built environment and critical infrastructure. For this assessment, we have not accounted for local vegetation effects, for example high water demand trees. However, when using these maps, users should be aware of the potential for proximal high water-demand trees to result in higher localised PSMD, promoting higher clay subsidence hazards than those reported here. Furthermore, although the research scope of this paper has been primarily directed at clay-related geohazard modelling, soilmoisture assessments have many other research applications, for example in water resource management, flood control, domestic building construction and other agricultural sector applications.
